Draft version February 3, 2009 

Preprint typeset using 1^1^^ style cmulatcapj v. 10/09/06 



LA-UR-08-07210 



FOSSIL SYSTEMS IN THE 400D CLUSTER CATALOG 

Alexey Voevodkin^'^, Konstantin Borozdin\ Katrin Heitmann\ Salman Habib\ Alexey Vikhlinin'* 

Alexander Mescheryakov^ '*, Allan Hornstrup"* 

Draft version February 3, 2009 



o 
o 

(N 
D 

cn 



O 
U 

o 



> 

O 

(N 
O 

o 



X 



ABSTRACT 

We report the discovery of seven new fossil systems in the 400d cluster survey. Our search targets 
nearby, z < 0.2, and X-ray bright, Lx > 10^^ erg sec~^, clusters of galaxies. Where available, we 
measure the optical luminosities from Sloan Digital Sky Survey images, thereby obtaining uniform 
sets of both X-ray and optical data. Our selection criteria identify 12 fossil systems, out of which five 
are known from previous studies. While in general agreement with earlier results, our larger sample 
size allows us to put tighter constraints on the number density of fossil clusters. It has been previously 
reported that fossil groups are more X-ray bright than other X-ray groups of galaxies for the same 
optical luminosity. We find, however, that the X-ray brightness of massive fossil systems is consistent 
with that of the general population of galaxy clusters and follows the same Lx — -Z^opt scaling relation. 
Subject headings: catalogs — galaxies: clusters: general — surveys — X-rays; luminosity function — 
clusters:galaxies 



1. INTRODUCTION 

Studies of clusters and groups of galaxies have re- 
vealed an interesting class of objects - relaxed. X-ray 
bright systems, dominated by a giant elliptical galaxy 
at the cent er. These systems are usually called "fos- 
sil groups" (jPoninan et al.lfT99l), or, if massive enough, 
"fossil clusters" (jCvpriano et al.l[2006[ ). The interesting 
properties of these systems are attributed to their dy- 
namical history, including a lack of galaxy mergers for a 
long time prior to observation. Because of their quies- 
cent state, fossil groups and clusters (hereafter PCs) are 
"frozen in time" as compared to other systems. In X-ray 
observations FGs appear relaxed, without any obvious 
sign of recent merging processes. 

The number of known FGs is very small, and only a 
handful of them have been studied in some detail. Known 
FGs are massive systems with masses in the range typi- 
cal for rich groups or for poor clusters of galaxies; they 
share se veral scaling relations w ith other groups and 
clusters (|Khosroshahi et al]l2007| ). Their central galax- 
ies have properties very similar to those of the bright- 
est cluster galaxies. The merger histories underlying 
the origin of the central galaxies in FGs continues to 
be d iscussed in the literature (se e e.g. iJones et"al1l2003l 
and iMulchaev fc Zabludofil 11999 ! for different points of 
view) . 

The definition of fossil groups and clusters remains 
somewhat ambiguous, as different researchers use some- 
what different criteria to identify these systems. Ad- 
ditionally, systems of a possibly "fossil" nature have 
been called overlurn inous elliptical galaxies (OLEGs, 
IVikhlinin et al.l |1999| ) , or isolated overlumino us ellipti- 
cal galaxies (lOLEGs, lYoshioka et~al1 l2004f) . Even if 
the nomenclature differs, all these objects are in essence 

^ Los Alamos National Laboratory, Los Alamos, NM, 87545 
^ Space Research Institute (IKI), Profsoyuznaya 84/32, Moscow, 
Russia 

^ Harvard-Smithsonian Center for Astrophysics, 60 Garden St., 
Cambridge, MA 02138 

* Technical University of Denmark, National Space Institute, 
Juliane Maries Vej 30, 2100 Copenhagen 0, Denmark 



gravitationally bound groups or clusters of galaxies, with 
the central elliptical galaxy dominating all others galax- 
ies in the system. 

In this work we loosely fo llow the definition of FGs as 
given in iJones et al.l (|2003D (hereafter JOS), viz., a fos- 
sil group is an extended X-ray bright object (Ljc.Boi > 
0.25 X 10^2 ;j-2 gj.g g-i-)^ Ami2 > 2 for galax- 

ies lying inside half of the virial radius, where Ami2 
is the absolute magnitude difference in the R-filter be- 
tween the first and second brightest galaxy. This defini- 
tion is phcnomcnological, and it was applied by JOS to 
identify five such objects. One obvious deficiency of this 
definition is that it imposes an artificially sharp Ami2 
threshold (representing the tail of the Schechter func- 
tion), whereas no such sharp boundary can be found 
in th e Ami2 distribution in clusters (Mil osavlievic et all 
120061: iLa Barbera et al.I 'miS). Therefore, for any cho- 
sen threshold of Ami2 there will always be systems very 
close to the boundary, and their identification would de- 
pend on the accuracy of photometric measurements in 
optical observations. There is a very similar, but per- 
haps even more difficult, problem associated with the 
measurement of the virial radius. In practice, some re- 
searchers pr efer instead to cons i der galaxies within som e 
fixed radius (jSantos et al.ll2007HLa Barbera et al.ll2008^ . 
Finally, group membership cannot be reliably determined 
for individual galaxies. Still, the JOS criteria have the 
advantage of being definitive, and remain the the most 
popular choice for FG identification in observations. We 
re-evaluate these criteria as part of our analysis. 

In contrast to considering fossil systems as a separate 
category some researchers speculate that there may be 
a "fossil phase" in the life of many clusters, with an ab- 
sence of significan t mergers for a long time, enough for 
cluster relaxation (jvon Benda-Beckmann et al.ll2008h . A 
bright galaxy may consequently fly into the inner cluster 
part, and the object will now appear to the observer as 
a normal group or cluster of galaxies. 

It is clear that to gain a better understanding of the 
nature of FGs more of these systems have to be observed. 
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and a comparison of FGs with normal groups or clusters 
of galaxies should be carried out in a uniform manner, 
free from selection effects as much as possible. We aim 
here to identify new FGs and to compare their properties 
with those of other systems in the same mass range. 

For ou r search we use the 4 00d X-ray survey of galaxy 
clusters ([Burenin et al.ll2007t ). The advantage in using 
X-ray surveys is that in this case our selection is based 
on the presence of an extended X-ray source, indicat- 
ing that the object is a gravitationally bound system, 
and not a chance superposition of galaxies. We can then 
proceed to identify FGs in the optical band. The 400d 
survey provides an excellent database for this work, since 
almost every cluster has a CCD image in the R-band. We 
use different optical data to identify FGs in the 400d sur- 
vey, but our comparison of FGs with other groups and 
clusters has been mostly enabled by the Sloan Digital 
Sky Survey (hereafter SDSS) DR6, providing us with a 
uniform data set both in the X-ray and in the optical. 
The survey area as a function of flux is well calibrated, 
allowing us to put constraints on the FG number den- 
sity. (A subcatalog of the 400d survey - the 160d survey 
(jVikhlinin et al.l Il998f l was previously used to identify 
OLEGs.) 

The paper is organized as follows. In Section [2] we de- 
scribe the available data and the methodology underlying 
our FG search. In Sections [3]l5] we present our results: 
seven new FGs, constraints on the number density of 
FGs, and an Lx — Lr correlation. We summarize our 
findings in Section [6l The Appendix contains a detailed 
description of all individual fossil systems we study in 
this paper. 

In this work we consider luminous systems with X- 
ray luminosities Lx > erg sec^^. Masses of these 
objects, estimated from their X-ray luminosities, corre- 
spond to rich groups or poor clusters of galaxies. We 
generally refer to these systems as clusters to highlight 
the fact that we study here the bright and massive end 
of the distribution of fossil systems. We plan to study 
less massive systems in future work. 

Where we need to assume a cosmology, we choose 
a ACDM model, with = 0.3, Qa = 0.7 and 

h — 0.71, the Hubble constant, measured in units of 
100 km s^^ Mpc~^. X-ray luminosities and fluxes are 
given in the 0.5-2.0 keV band. We use r-filter appar- 
ent SDSS magnitudes, and we employ galactic extinction 
corrections and transform them to AB systems to com- 
pute galaxy luminosities. The difference of the apparent 
magnitudes in the R-filter is used in other cases. 



2. DATA ANALYSIS 

Ou r sample is based on the 400d cluster survey cat- 
alog (jBurenin et al.l l2007f ) . This is a catalog of X-ray 
selected clusters of galaxies from ROSAT PSPC high lat- 
itude pointing observations. The area of the sky covered 
by the survey is 397 square degrees. It includes clusters 
with fluxes higher than 1.4 x 10"^'^ erg s~^ cm~^ - 242 
clusters in total. Approximately a third of the clusters 
have redshifts higher than z = 0.3. Every object has 
a measured redshift. X-ray flux, and X-ray luminosity. 
Most of the objects have CCD R-band images mainly ob- 
tained with the Russian- Turkish 1.5-m telescope in the 



North and the Dani sh 1.54-m telescope in the South^. 

The 160d catalog (|Vikhlinin et al.lll998f) - a subcatalog 
of the 40 0d catalog - was previ ously used for the search 
of FGs ()Vikhhnin et al.|[l999f) . In this work we have 
decided to use the same selection criteria, i.e., we select 
clusters with z < 0.2 and Lx > 10*"^ erg s~^. These cuts 
provide us with clusters of the same richness (or higher) 
as poor Abell clusters, bei ng visible on CCD im ages as 
galaxy concentrations (see iVikhlinin et al.l 119990 . Ap- 
plying these cuts to the complete 400d catalog yields 75 
candidates for our FG search. 

In the next step we visually inspect the optical im- 
ages of the 75 candidates. It turns out that many of 
them do not have optical images of sufficient quality 
for our purposes. Either their field of view is not large 
enough to cover the desired circle with radius 0.5rvir or 
the quality of the CCD image does not allow for reliable 
photometry, or it was originally just a scanned photo- 
graphic plat e (DSS2). We use archival dat a from the 
SDSS DR6 (lAdelman-McCarthv et a"ni2008h . whenever 
available. We have SDSS data for 38 clusters from the 
original sample; for the remaining clusters, we have to 
work with lower quality optical information. 

2.1. Identification of Fossil Groups 

In 2003, nine years afte r the d iscovery of the first fossil 
system by lPonman et al] (| 19941 ) and several other detec- 
tions of fossil systems, J03 proposed the first concrete 
definition of FGs. Since then, this definition has been 
adopted by most of the community, and new FGs have 
been detected by various research groups. A major diffi- 
culty from the observational perspective is to ensure that 
all galaxies belonging to the system have been identified. 
For example, RX J1552.2 + 20 13 was identified (J03) as 
an FG and later studied again (|Mendes de Oliveira et al" 
20061) in detail. It was only recentlv found (jZibetti et al. 
2008f ) that this system does not in fact obey the Jones 
criteria: a bright galaxy within half of the virial ra- 
dius had not been seen in previous exposures, which 
only covered a fraction of the half-virial radius circle 
around the central galaxy. As another e xample, the ob- 
j ect R X J1159.8 -I- 5531 was studied by Vikhlinin et al.l 
(|1999f ) and identified as an GLEG. However , it was found 
from SDSS data (jDiaz-Gimenez et al.ll2008D that a bright 
galaxy inside half of the virial radius had been missed 
previously, and therefore the system should not have 
qualified as an FG. We discuss these examples to cau- 
tion the reader that even if a system has been previously 
identified as an FG, new studies with better data may 
reveal that the identification is erroneous. 

Another question concerns the accuracy of the photom- 
etry obtained for the galaxy members of the system. The 
standard definition of an FG requires Ami2 > 2, but de- 
pending on the observational conditions and the methods 
used, the galaxy flux measurements for the same object 
might differ. We therefore view the optical criteria sug- 
gested by J03 - Ami2 > 2 within half the virial radius - 
as guidelines rather than strict requirements. 

As a first check for our sample of 75 FG candi- 
dates, we consider the systems previously identified as 

^ Some observations were also performed at the Multiple Mirror 
Telescope, at the ESO 3.6m, and at the FLWO 1.2-m telescope. 
Detailed information can be found online: 
|http://hea-www.har vard.edu/400d/catalog/table-cat. html| 
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Fig. 1. — Comparison of the r-filter photometry from SDSS DR6 with other photometric measurements for the cluster clll59p5531. Dots 
represent the difference in apparent magnitude between the central galaxy of the cluster and other galaxies. Left panel: Comparison of the 
r-filter photometry from SDSS DR6 with photometry done by SExtractor on the R-band image from the FLWO telescope. Right panel: 
Photometry from the SDSS DR,6 compared with the photometry done by SExtractor on the corrected frame r-filter SDSS image. Note 
that due to different areas of coverage, not all galaxies are the same for the two panels. 

and measure Ami„. Following the standard definition, 
the search radius should be some fraction of the virial 
radius. Using the cluster X-ray luminosities from the 
400d catalog we can easily estimate rson fo r every cluster 
in our sample from (|Vikhlinin et alJ [20081 ): 



FGs. Such systems allow us to cross-check our ob- 
servational results with the analysis carried out by 
other groups and to re-evaluate the Jones criteria. We 
find six known FGs present in our sam ple (see Ta- 
ble 4 in iMendes de Oliveira et"al] l2006l ). They are: 
clll59p5531, cll340p4017, cll416p2315, cll552p2013, 
cl2114m6800, and cl2247p03376. The first four of these 
systems have been observed by the SDSS and therefore 
good quality optical data is available. 

It is known that SDSS magnitudes of bright galax- 
ies may be underestim ated due to an overestimation o f 
the background level (jAdelman-McCarthv et al.ll2008h . 
Therefore, we double-check the photometry for one of the 
known FGs - clll59p5531. In Figure [1] we compare the 
difference in apparent magnitudes between the brightest 
and all other galaxies, Ami„, lying inside rsoo for two 
different cases. In the left panel we compare the photom- 
etry obtained with SExtractor (jBertin fc Arnouti 1 1996( 1 
on the R-filter image measured by the FLWO 1.2m tele- 
scope vs. SDSS DR6 r-filter photometry. In the right 
panel we compare photometry obtained with SExtractor 
on the corrected frame SDSS r-filter image (run 2821, 
frame 184) again vs. SDSS DR6 r-filter photometry. This 
figure demonstrates that for this group we do not need 
to correct the SDSS photometry. We also confirm that 
the photometry obtained from SExtractor on SDSS cor- 
rected frame images for several other groups also does 
not need a correction. Therefore, everywhere below we 
do not apply any corrections to the SDSS data. How- 
ever, we will establish criteria for our FG search that 
take into account possible inaccuracies in SDSS photom- 
etry by which Atoi2 might be underestimated. 

In order to identify a system as an FG, we first have 
to establish a search radius to identify group members 

^ Here and below we use object names from the 400d catalog. 
The meaning of these names is straightforward: the first four digits 
represent the right ascension, the last four, the declination, p and 
m denote plus and minus signs for the Northern and Southern 
hemispheres, respectively. 
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where r5oo, measured in kpc, is the radius inside which 
the mean cluster density is 500 times higher than the 
critical density of the Universe, rsoo can be determined 
from Eq. ([1]) with an uncertainty of approximately 8%. 
The relation between rsoo and the virial radius is given 
by r-500 ~ O.Grvir. Therefore, rsoo covers a slightly larger 
area than suggested by the Jones criteria. We decide to 
keep this more conservative limit for our search radius as 
a starting point. 

Figure [2] shows our results for the four clusters pre- 
viously identified as fossil systems, using the available 
SDSS data. We show the dependence of Ami„ on the 
distance to the X-ray center. Only galaxies with < 20 
are shown here. The squares around dots indicate galax- 
ies for which spectroscopic redshifts are available and 
which belong to the group (see next subsection). It 
is obvious from all four panels that the central galax- 
ies in these groups are isolated inside some radius, but 
that the identification of the system as an FG depends 
critically on the search radius. The groups clll59p5531 
and cll340p4017 are FGs if the search radius is equal to 
0.7r5oo which is slightly smaller than half the virial radius 
(note that for these two groups SDSS data has not been 
used in previous analyses). The group cll416p2315 is an 
FG if we relax the Ami2 > 2 criterion to Ami2 > 1.7^. 
As for the group cll552p2013, there are two galaxies 

7 The galaxy at 0.35r5oo with Ami„ ^ 1.7, RA= 14'' 16'"21.8* 
and Dec= -|-23° 17'"22.8* does not belong to the grou p according 
to its spectroscopic redshift fsee lCvpriano et al.ll2006f) . 
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Fig. 2. — Difference in magnitude Ami„ between ttie central galaxy of the cluster and other individual galaxies, as a function of distance 
to the X-ray center. The four panels correspond to clusters (from left to right) clll59p5531, cll340p4017, cll416p2315, and cll552p2013, 
identified earlier as fossil systems. Squares denote galaxies with SDSS spectroscopic redshift and |zclustor ~ %alaxyl 5: 0.005. Solid gray 
lines show the Jones criteria for fossil group selection (see text). We note that none of these four previously known FGs can be identified as 
fossils, if the strict Jones criteria are accepted (in all cases there are some galaxies inside the solid boxes, implying that Ami2 < 2 within 
half of the virial radius). Dashed lines show the somewhat more relaxed criteria used in this paper, which maintain the identification of 
the three previously known FGs as fossil systems. 



TABLE 1 
FGs Sample 



Name 


z 


Ami2 


RA 


Dec 


Data Type 


Notes 


Reference 


cl0245p0936 


0.147 


2.15 


02:45:48.2 


+09:36:21.7 


RTT150 


new 




cl0259p0013 


0.194 


2.25 


02:59:33.1 


+00:16:25.8 


SDSS 


new 




cl0532m4614 


0.135 


1.90 


05:32:40.3 


-46:11:54.4 


LCO-40 


new 




cll038p4146 


0.125 


1.87 


10:37:54.8 


+41:44:32.1 


SDSS 


new 




cll042m0008 


0.138 


1.80 


10:42:17.4 


-00:09:34.7 


SDSS 


new 




cllll0m2957 


0.200 


1.78 


11:10:03.3 


-29:58:31.1 


Danish 1.54m 


new 




clll59p5531 


0.081 


2.73 


11:59:34.9 


+55:30:39.5 


SDSS 


FG or OLEG 


Vikhlinin et al. f 1999) 


cll340p4017 


0.171 


2.47 


13:40:39.3 


+40:18:25.6 


SDSS 


FG or OLEG 


Ponman et al. (1994) 


cll416p2315 


0.138 


1.70 


14:16:32.0 


+23:19:06.8 


SDSS 


FG 


J_ones et aL (2003): 



cl2114m6800 
cl2220m5228 
cl2247p0337 



0.130 
0.102 
0.200 



1.99 
2.21 
2.56 



21:14:24.0 
22:19:49.0 
22:47:27.9 



-68:00:55.5 
-52:27:12.9 
+03:38:14.5 



Danish 1.54m 
ENACS 
RTT150 



OLEG 

new 
OLEG 



Cvpriano et al. (2006) : 
Khosroshahi et al. (2006) 
Vikhlinin et al. (1999 ) 
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RA and Dec are coordinates of the second brightest 

within 0.7r5oo and Ami„ < 1.7. Clearly, this system had 
been misidentified as an FG previously (this con clusion 
agrees with recent analysis bv lZibetti et al.|[2008f ). 

Based on the first three cases, we adopt a slightly re- 
laxed optical criterion for our sample to identify FGs 
in comparison to those of JOS: we classify an object as 
an FG if Ami2 > 1.7 for galaxies inside 0.7r5oo. Al- 
most the same c r iterio n, Ami2 > 1.75, was used by 
iLa Barbera et al.l ()2008f ). with the aim of optimizing the 
number of FGs found relative to random coincidences. 
The brightest central galaxy in the whole subsample of 
clusters with SDSS data has a magnitude of = 13.86. 
The maximum correction for such a galaxy is w 0.3 (less 
correction is needed for fainter galaxies). We are there- 
fore certain that we will not miss any potential FGs due 
to possible errors in the photometric data. The search 
radius we choose is not much different from the assumed 
search radius of O.Srvir- Indeed, r5oo ~ 0.6rvir, and 
we should take into account that t^qq found from the 
Lx — Afsoo correlation has its own uncertainties. The 
radius 0.7r5oo corresponds to the lowest 2a boundary of 
0.5rvir. 

3. SEARCH FOR NEW FOSSIL GROUPS 

After having established criteria for identifying FGs 
from the three previously known FGs, and setting aside 
the one previously misidentified, we now analyze the re- 



alaxy inside our search radius, 0.7r5oo. 

maining 71 clusters in our sample. We divide these clus- 
ters into two sub-groups: those for which we have optical 
data from the SDSS and those for which we have to rely 
on optical data from other telescopes. 

3.1. Clusters with SDSS Data 

Working with SDSS data, we select galaxies 
with good photoni e try f ollowing the recommendations 
from lOvaizu et al.l (|2008l) and applying the additional 
constraint that the r- filter magnitude must be < 21. We 
also make use of SDSS spectroscopic redshifts, whenever 
they are available. 

We accept a given galaxy as belonging to the target 
cluster if |zciuster - -Zgaiaxyl < 0.005, whcre Zciuster is the 
cluster redshift cited in the 400d catalog. The selected 
threshold for cluster membership, z — 0.005, corresponds 
approximately to a 2a velocity dispersion (1500 km s~^) 
for the most massive clusters from our sample. This cri- 
terion helps us to remove large foreground spiral galaxies 
from consideration. 

Applying our FG criteria to clusters with SDSS data we 
find three new fossil systems: cl0259p0013, cll038p4146, 
and cll042m0008. Some of their properties are listed in 
Table n 

3.2. Clusters with Non-SDSS Optical Data 
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TABLE 2 

Parameters for the best fit Schechter functions. 



Sample 


A, Mpc"^ lO"'*'* erg scc^^ 


L», 10*^ erg sec ^ 


a 


FG 


(3.20 ± 1.61) X 10-" 


0.58 


-2.11 


ALL 


(2.87 ±0.56) X 10-^^ 


0.57 


-1.72 



Fig. 3. — Luminosity functions for fossil systems. Left panel: Cumulative luminosity function. Red points correspond to fossil systems 
and green points correspond to the general population of clusters studied in this work. Black lines are best fits for our data by the Sc hechter 
func tion. Blue, cyan, magenta, and empty black points are previous estimations from JOS, Vikhlinin ct al. (19981. [Romer et al.l |j2000), 
and ILa Barbera et al.l (2008) respectively. Middle panel: Differential luminosity functions for FGs (red) and clusters (green), studied in 
this work. The lines correspond to Ic sets of the fits obtained with different values of L« and a from regions defined by contours on the 
right panel. Right panel: la confidence contours on parameters of the Schechter function L« and a obtained with free normalization. The 
green contour is for our whole cluster sample, red for FGs, and black for FGs using the constraint that the number density of FGs cannot 
be greater than the number density of clusters. 

In our sample there are 37 clusters for which we use 
R-band CCD observations, if they are available from the 
400d database. We use the SExtractor program to per- 
form the analysis of the CCD plates. We set the de- 
tection threshold equal to 4 5(t over the background 
level and in order to be consistent with SDSS photom- 
etry, we measure the galaxy fluxes in Petrosian aper- 
tures. In the left panel of Figure [T] the good agree- 
ment between the SDSS and our photometries is demon- 
strated. Larger discrepancies only arise for faint galax- 
ies, which are not important for our study. We note 
that the SDSS archival measurements are done in the 
r-filter, while our own measurements are carried out in 
the R-filter. This leads to different apparent magnitudes. 
However, due to th e linear transformatio ns between the 
r and the R filter ijFukugita et al.l [1996?) this difference 
does not affect our Atoi„ measurements strongly (see 
also the left panel of Figured]). Applying our FG criteria 
to the data we find four more new FGs: cl0245p0936, 
cl0532m4614, cllll0m2957, and cl2220m5228. For the 
cluster cl2220m5228 we do not have a CCD image from 
the 400d database, but we found that it is a member of 
the EN ACS survey (iKatgert et al.lfl99l . Using EN ACS 
data we can establish that this cluster is an FG (see Ap- 
pendix for details.) 

To summarize, we detect seven new FGs in the 400d 
catalog. Besides cll552p2013, all previously known FGs 
satisfy our criteria. Table [1] shows the results from all 
twelve FGs from our sample. In the table we note a 
previous identification of the object as a fossil group or 
GLEG, its redshift, and Atoi2. We also give coordinates 
of the second brightest galaxy. In the Appendix we pro- 
vide a more detailed description of each system. 



Normalization errors are obtained by marginalizing 
over L» and a. 



systems for which SDSS data is available, nevertheless it 
also works well for other previously known FGs without 
SDSS data: no fossil systems previously detected in the 
400d survey were missed. Consequently, we can use our 
sample to derive a constraint on the number density of 
FGs as a function of their X-ray luminosity. 

In order to find the number density of objects with a 
given luminosity (luminosity function) we need to know 
the corresponding survey volume. The 400d survey is a 
flux limited survey, and therefore we can use standard 
techniques for the calculation of the volume, where all 
clusters of a given luminosit y would have been de tected. 
The volume is given by (see lBurenin et aT]|2007l for de- 
tails): 

.0.20 

V{L)= A{fx,z)-^dz, (2) 



where the lower integration limit corresponds to the 400d 
cluster with the lowest redshift, the upper integration 
limit is our limit for sample selection, and the function 
A{fx,z) is an effective survey area (see the 400d sur- 
vey data ) . W e fit our FG sample by a Schechter func- 
tion ( Schechter! 1 1 976f ) (the use of the Schechter function 
is justified below): 



4. NUMBER DENSITY OF FOSSIL GROUPS 

There are several estimates for the number den- 
sity of FGs in the literature ("Vikhlinin et al.' '199^; 
Romer et al]l2000l: iJones et al.| [2003: Santos ct al. 2007; 
La Barbera et al] l2008f ). Our sample includes both 
known and newly identified FGs in the 400d catalog. 
While our definition for FGs has been derived using only 



f{L)dL = A 



exp 



L 



(3) 



giving the number of clusters with luminosities from L to 
L + dL inside a unit volume. We u se the maximum like- 
lihood method for unbinned data (|Cash|[T979.) . with the 
best-fit parameters found by maximizing the likelihood 
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function: 

\n£^Y. Hf{U)V{U)) - I f{L)V{L)dL. (4) 

i 

The cumulative luminosity function for our FGs is shown 
in the left panel of Figure [3] by the red points and the 
best fit is shown by the black line (the parameters for 
the fit are given in Table [2]) . 

We also fit the luminosity functions for the entire 
cluster sample under consideration (75 clusters) via a 
Schechter function. The results are shown by the green 
points in the left panel in Figure [S] The best fit is shown 
by the black line (for the best-fit parameters, see Ta- 
ble [21) . In the middle panel of Figure [3] we show the 
differential luminosity functions for FGs and clusters. 

For comparison with previous results we extrapolate 
the FG and cluster number density fits to Lx — 2.5 x 
10^^ erg sec~^ which corresponds to the gro up bound- 
ary (|0'Sullivan et all 120011: 1 Jones et al.ll2003( ) - beyond 
this value objects are more likely to be isolated ellip- 
tical galaxies than groups. We use Table 2 from JOS 
as a compilation of known results. The points from 
this table, rescaled to the cosmology used here, are 
shown in the left panel of Figure [H Blue points corre- 
spond to the estimates obta ined by JOS, cyan correspond 
to estimates from Vikhlinin et alJ (fl999.). the magenta 
point is an estimate from lRomer et al.l (|2000( l. and the 
e mpty black points are es timates from the recent work 
of ILa Barbera et all (|2008[ ). 

Overall, our constraints arc in good agreemen t with 
previo us results. The FG number density of Rom er et al.l 
(|2000|) (magenta point) is most likely overestimated, but 
their results are based on only S objects and there- 
fore may be considered to be consistent with the other 
findings, given the uncertainties. Our results are in 
good agreement with the number density estimation 
of J OS, and in per f ect a greement with the estimate 
from I Vikhlinin et al.l (|1999( ). The latter agreement is not 
surprising since their data set is a subset of ours, and the 
same methodology was used for survey area calib ration. 
The n umber density estimation from La Barbe ra et al.l 
(|2008f ) agrees with the extrapolation of our result, but it 
is too high for FGs brighter than 10^'^ erg s~^. We note 
that the search radius, S50 kpc, chosen in that work is 
much smaller than the half or virial radius for such X-ray 
bright objects, possibly causing some misidentifications 
and an overall overestimation of the FG number density. 

Despite the increased number of FGs in comparison to 
previous results, our constraints are still not very tight. 
In the right panel of Figure [3] we show the la confidence 
contours for a and obtained with a free normaliza- 
tion parameter (red represents FGs and green, clusters). 
In the middle panel of Figure [3] we show the sets of fits 
corresponding to the contours on the right panel via red 
and green shaded regions. We can reduce the range of 
allowed values for and a for the FG fit by taking into 
account that the FG number density cannot be higher 
than the number density of clusters (at least in the lumi- 
nosity range where the phrase "group of galaxies" is still 
valid, i.e., where Lx > 2.5 x 10'*^ erg sec~^). We use this 
constraint in our fitting procedure. The best fit remains 
the same with and without it, but the la intervals for a 
and i» become tighter (black contour in the right panel 
of Figure [3]). 
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Fig. 4. — Light profile of cluster cll629p2123 and a projected 
NFW profile plus constant background fit (solid line). 

4.1. Schechter Function for Fossil Groups 

As can be seen from the left and middle panels of Fig- 
ure [31 the Schechter function provides a very good fit to 
the cluster luminosity function. This is not surprising 
since ev en a simple theory of la rge scale structure for- 
mation (Press fc Schechten ll974l predicts Schechter-like 
functions. Since the cluster luminosity is connected with 
the cluster mass via a power-law relation and the range 
of luminosities considered here covers only one decade 
of luminosities, Eq. Q has enough degrees of freedom 
to fit the mass function or the luminosity function in our 
case. Of course, our extrapolation beyond the data range 
should be treated with caution, but we do this mainly to 
compare our results with previous studies. 

We fit the FG luminosity function with a Schechter 
function as well. The simple justification is that FGs are 
a subset of the cluster sample, and the shape of their 
luminosity function should be similar to the shape of the 
cluster luminosity function. A more precise result for 
the FG number density may be obt ained by using the 
extended Press-Schechter formalism (iMilosavlievic et aLl 
I2OO6), but for a sample of only 12 objects this is hardly 
necessary. 

5. Lx - La RELATION 

It was shown in JOS and lKhosroshahi et al.' (2007') that 
for a given X-ray luminosity, FGs are less luminous in 
the optical band as compared to (X-ray bright) normal 
groups of galaxies. However, these comparisons were not 
uniform, i.e., the data for FGs and other systems were ob- 
tained separately, using different instruments and meth- 
ods of data analysis. Our data comes from a uniform 
sample, and we apply the same data analysis approach 
to the total sample of systems. We are therefore well 
positioned to study X-ray and optical luminosities for 
different systems. For this study we use clusters with 
SDSS data to measure optical luminosities. As elsewhere 
in this paper, we use X-ray luminosities from the 400d 
catalog. 

5.1. Measurements of Optical Luminosities 
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We use SDSS data to select galaxies around the X-ray 
centers of the clusters. We select all galaxies brighter 
than m''^ = 21 and require the photometry flags to be 
the same as in Section [H After that we carry out the 
following steps (jMeschervakov et "al]l2009( ): 

1) Exclude central cD galaxies. 

2) Mask regions around bright stars and big fore- 
ground galaxies, because the photometry around 
such objects may be incorrect, and the photometry 
flags usually do not select these galaxies. We also 
do not consider galaxies with SDSS spectroscopic 

redshiftS if |Zclustcr - ^galaxyl > 0.005. 

3) Estimate the lost light due to the selected magni- 
tude threshold. We subtract the background lumi- 
nosity function from the cluster luminosity func- 
tion, where the cluster luminosity function is built 
for galaxies around the X-ray center within a ra- 
dius of 0.5r5oo, and a background function is built 
for galaxies inside the ring with radii from 2r5oo to 
Srsoo- We fit the residual by a Schechter function 
written in the form: 



{m)dm = (f,^ioO-Mm,-m){a+i) 
exp(-10"-'*(™*-™))dm. 



(5) 



The fraction of the lost light is given by: 

/ = r(a + 2, 10"-4('"--'""'))/r(a + 2). (6) 

4) Transform magnitudes of all galaxies inside Srsoo 
to luminosities with JC-cor rections (kcorrect v 4.1.4 
()Blanton fc RoweisI I2007D ) for cluster redshift. 
Build the light profile by summing luminosities of 
individual galaxies inside the rings around the clus- 
ter center and exclude regions masked in step 2). 

5) Fit the light profile b y a projec ted Navarro-Frenk- 
Whitc function (Nav arro et al.i ri997) plus constant 
background. An example of such a fit is shown in 
Figure IH 

6) In order to calculate the total cluster luminosity in- 
side a given radius we integrate the NFW fit over 
the volume, then make corrections for the lost light 
(see step 3) and add the luminosity of cD galax- 
ies. The error for the cD luminosities takes into 
account an underestimation of the measured mag- 
nitude due to the SDSS background subtraction al- 
gorithm. Therefore, we increase the upper luminos- 
ity error_b};_the_a££ro£ria^ (see Figure 3 
in lAdelman-McCarthv et al.ll2008[) . Our measure- 
ments are given in Table [31 

We show the Lx — Lr{r < rsoo) correlation in Fig. O 
where empty points correspond to FGs. We find that for 
a given optical luminosity, the FGs in our sample are not 
systematically brighter in the X-ray than other clusters. 
Indeed, four of the FGs reside on the upper envelope of 
the correlation, but there are also two FGs (cll038p4146 
and clll59p5531) which appear X-ray faint compared to 
other clusters with similar optical luminosity. 

We also compare our results with previous studies. 
iKhosroshahi et aTl ()2007[ ) compared their FGs with other 




Fig. 5. — X-ray luminosity vs. optical luminosity measured inside 
rsoo- Empty points show FGs. 



10« 




t)0 1043 ^ 



10" 10'= 



Fig. 6. — Comparison of our measurements with previous studies. 
Black dots and black crosses correspon d to clusters an d FGs from 
this work, red crosses show FGs from Khosroshahi et al. (2007|, 
blue a nd gr een dots represent gro ups studied in Hclsdon & Pomria^ 
II2003I) and lOsmond &: PonmanI ((200^) correspon dingly. Magenta 
dots correspond to clusters of galaxies from IVoevodkin et aLl 



gro ups of galaxies studie d by iHelsdon fc PonmanI ()2003f ) 
and lOsmond fc PonmanI (|2004f ). We show these data in 
Fig. ini We also ad d a compilation of optic al luminosity 
measurements from lVoevodkin et al.l (120021 ) . with optical 
luminosities rescaled to r^oo ■ There appears to be general 
agreement in the trend s between the FGs studie d here 
and the FGs studied in IKhosroshahi et al.l (|2007f ): their 
distribution is also in agreement with the overall data 
for clusters, but not for groups. It is not clear whether 
the difference between FG s and other groups reported by 
IKhosroshahi et al] ()2007D is real for less massive systems 
or if it is a result of systematic differences in analysis 
techniques used in different studies. We hope to address 
this issue in future work. 
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TABLE 3 

Optical luminosities of clusters with SDSS data 



Name z Lx fTjOO Lr{r < r^oo) M^oo 







lO^s erg s-l 


kpc 


IQiiLo 


10" Mq 


cl0050m0929 


0.199 


3.81 


784 


5.69±;5-'^^ 


1.72 


cl0223m0852 


0.163 


1.73 


679 


3.39t;'™ 


1.07 


cl0259p0013fs 


0.194 


3.19 


757 


o 71+2.14 


1.54 


cl0304m0702 


0.135 


1.19 


638 




0.86 


cl0810p4216 


0.064 


2.24 


754 




1.33 


cl0838pl948 


0.123 


1.96 


712 




1.19 


cl0907pl639 


0.076 


1.98 


731 




1.23 


cl0910p6012* 


0.181 


1.24 


627 


-0.20 


0.86 


cl0943pl644 


0.180 


1.80 


678 


q 71+1.48 
•J- ' J^_o.48 


1.09 


cll013p4933 


0.133 


1.95 


707 


3.36ti;g 


1.18 


cll038p4146fs 


0.125 


1.06 


626 




0.81 


cll042m0008fs 


0.138 


1.67 


683 


2.06±J;'« 


1.07 


clll24p4155 


0.195 


3.97 


792 


n 1 q + 1.5S 
■^•^"J—O 60 


1.76 


clll42pl008 


0.119 


1.63 


687 


■^•^1—0 42 


1.06 


clll42pl027 


0.117 


1.10 


633 


1 orr+0.75 
i.ou_Q 22 


0.83 


clll42p2145 


0.131 


1.95 


708 


4.95t»-fe 


1.18 


clll46p2854 


0.149 


2.19 


718 


3.07ti:°^ 


1.25 


clll59p553lfs 


0.081 


1.14 


650 


9 Q7+2-3S 
^■if 1 _o 23 


0.87 


cll212p2727 


0.179 


6.42 


883 




2.40 


cll217p2255 


0.140 


1.48 


665 


l.86t«;i 


0.99 


cll222p2559 


0.160 


1.26 


637 


n 1 Y+1.35 

•J- ' —0.52 


0.88 


cll231p4137 


0.176 


2.26 


712 


•'•*>J_0.46 


1.26 


cll235p4117 


0.189 


2.81 


740 


q 97+0.63 
—0 63 


1.43 


cll236p2550 


0.175 


2.01 


696 


9 77+0.69 
^- 1 ' —0.59 


1.17 


cll340p3958 


0.169 


2.55 


733 


4 QK+0.45 


1.36 


cll340p4017fs 


0.171 


1.24 


631 


1 qO + l.S4 
1.00_Q 7g 


0.87 


cll341p2622 


0.075 


10.60 


1030 


7 10+2. 76 
' -J-O-O 47 


3.48 


cll349p4918 


0.167 


3.88 


801 


4 77+1.87 
^•''-0.77 


1.77 


cll416p2315fs 


0.138 


6.09 


893 


4 P;i+2.69 
^•Ol_0.49 


2.38 


cll436p5507 


0.125 


1.03 


622 


1 qfj+1.09 
1-->D_0.36 


0.80 


cll438p6423 


0.146 


1.43 


659 


q co+0.46 
o.dO_Q 45 


0.96 


cll515p4346 


0.137 


1.62 


679 




1.05 


cll533p3108 


0.067 


1.90 


728 


3.68+°:| 


1.20 


cll537pl200 


0.134 


1.19 


638 


3.89_o;47 


0.87 


cll552p2013 


0.136 


2.29 


730 


c: 10 + 2.19 
•J.i.3_„ 4g 


1.30 


cll629p2123 


0.184 


2.24 


708 


4 14+0.76 


1.25 


cll630p2434 


0.066 


1.76 


717 


9 qQ+0.63 


1.15 


cll639p5347 


0.111 


3.84 


823 


q q7+1.86 
_0.B1 


1.82 



- fossil group 

* - Due to a poor NFW fit, the luminosity is estimated in these cases as a sum of galaxy luminosities inside a 
given radius minus the sum of luminosities of background galaxies corrected for the area. Lost light corrections 
are also applied. 



6. SUMMARY 

We have analyzed nearby (z < 0.2) and X-ray bright 
(Lx > iC'^ erg scc^^) clusters of galaxies from the 400d 
catalog. By evaluating known FGs against SDSS data, 
we have formulated slightly revised selection criteria for 
fossil systems. Our criteria are somewhat relaxed com- 
pared to those used by JOS, but their advantages are: 
1) they select all previously known FGs (except for one 
system clearly misidentified as an FG), 2) they account 
for the possibility that the photometry of the bright- 
est galaxy may be underestimated and therefore guard 
against missing any FGs as a consequence. 
Our main results can be summarized as follows: 
1) We found seven new FGs in the 400d cluster survey. 
The images and descriptions of all 400d FGs are given in 



Appendix A. 

2) We put new constraints on the number density of 
FGs. Our constraints are consistent with ones obtained 
previously, but are tighter due to the larger number of 
FGs studied. 

3) We measured optical luminosities of clusters with 
SDSS photometric data. Measurements of Lx — Lr cor- 
relations for these clusters show that FGs are similar to 
the overall cluster sample, and follow the scaling relation 
of clusters of galaxies. 

Current definitions of FGs are not robust, i.e., the same 
object may be identified as an FG or not depending on 
what magnitude threshold and search radius is chosen. 
Due to the variety of galaxy distributions in cluster po- 
tential wells, and due to cluster evolution, it is hard to 
motivate a strict definition of FGs using simple observ- 
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ables. Moreover, there is another major obstacle from 
the observational perspective for FG searches - the group 
membership, which cannot be firmly established observa- 
tionally. While precise redshift measurements can weed 
out most of the projected galaxies, they are not enough 
to establish the presence or absence of a gravitational 
bond between a given galaxy and the group, nor can 
they provide a measurement of the distance from a given 
galaxy to the center along the line of sight. It is evident 
that the situation is much more complicated if precise 
redshift measurements are not available. The absence of 
such redshift measurements may account for the differ- 
ences in the number density of FGs found in obse rvations 
and in simulations (see e.g. iDariush et al.]|2007( ). Most 
observational estimates for the number density of FGs 
most likely represent a lower limit for the actual num- 
ber. 

Due to the small number of known FGs it is too 
early to draw final conclusions about their proper- 
ties. Any new FG candidate must be examined thor- 
oughl y. Optical selection of F Gs is possible, but compli- 
cated (jVoevodkin et al.ll2008D . Dedicated X-ray observa- 
tions would be very useful to continue studies of unusual 
properties of FGs. 
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Fig. 7. — DSS2 images of FGs. From left to right, top to bottom: cl0245p0936, cl0259p0013, cl0532m4614, and cll038p4146. 

APPENDIX 

DESCRIPTION OF THE FOSSIL GROUPS 

In this appendix we provide a detailed description of all twelve FGs studied in this paper. This information will be 
useful for future FG studies. For example, higher quality data for the systems studied here might become available 
or one might want to refine the definition of FGs further. In either case any detailed information available regarding 
these FGs will be helpful. 

In all images the inner black circle marks the radius O.Trsoo, which we have adopted as our search radius. The outer 
black circle shows the radius rsoo, and a white cross marks the X-ray center. The white arrow inside 0.7r5oo points 
to the second brightest galaxy in the group. The second white arrow inside the ring O.Trsoo - t'soo (if present) shows 
the second brightest galaxy within the increased search radius. Black arrows show projected galaxies with known 
spectroscopic redshifts, which do not belong to the FG. Such galaxies could have led to an incorrect classification of 
the groups as being non-fossil, if the redshift measurements were not available. 

CL0245P0936 

cl0245p0936 is one of the new fossil systems found by us in the 400d survey at z = 0.147. The RTT150 CCD 
unfortunately does not cover a full circle with radius O.Trsoo. The coverage is shown as a white square in Figure [71 
The second brightest galaxy is marked by the white arrow, Ami2 = 2.15. A visual inspection of the DSS2 image 
reveals that inside O.Trsoo there are no galaxies brighter than the second brightest. However, within v^qq there may be 
galaxies which are brighter than the second brightest. It is not possible to conclude from the currently available data 
whether those galaxies belong to the system or not. 

CL0259P0013 

cl0259p0013 is another new fossil system discovered by us at z = 0.194. For this object, optical data from the SDSS 
is available. The second brightest galaxy is marked with a white arrow in Figure [7] with Atoi2 = 2.25. If we increase 
the search radius up to rsoo the second brightest galaxy wiU be at RA=02''59'"31.704^ Dec=-F00°17™21.38'' (another 
white arrow ) for which mi2 = 1.92, i.e. this group would satisfy our magnitude threshold, even with the increased 
search radius. 

CL0532M4614 

cl0532m4614 is the third newly identified fossil system. The object is at z = 0.135. The optical image was obtained 
on the LCO-40 telescope. The second brightest galaxy is shown by a white arrow in Figure[7]with Ami2 — 1.90. If we 
increase the search radius up to rsoo we do not find any galaxy brighter than the second brightest galaxy and therefore 
the object would be a fossil group even with a larger search radius. 
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Fig. 8.— DSS2 images of FGs. From left to right top to bottom: cll042m0008, cllll0m2957, clll59p5531, and cll340p4017. 



CL1038P4146 

cll038p4146 is the fourth of our new fossil systems. For this object, which is at z = 0.125, SDSS data is available. 
The second brightest galaxy, for which the redshift is known, is marked by a white arrow in the Figure [7] with 
Ami2 = 1.87. The image shows three bright projected galaxies (black arrows in Figure [7]) for which redshifts are 
fortunately available. Without these redshifts, the object would not have been classified as an FG. Increasing the 
search radius up to rsoo reveals two bright galaxies belonging to the cluster, which would not allow us to classify the 
system as an FG. These galaxies have coordinates 10''37"44.679'* +41°43'"49.89^ Amu = 1-12 (small black circle on 
the FigurelH) and 10''37™54.88P +41°42'"49.86^ Amis = 1-41 (small black box on the Figurel!]). 

CL1042M0008 

cll042m0008 is another newly discovered fossil system. SDSS data is available for this object, which is at = 0.138. 
The second brightest galaxy is shown by a white arrow in Figure [8] with Ami2 = 1.80. Increasing the search radius 
up to rsoo does not change its FG identification (the second brightest galaxy remains the same) . More bright galaxies 
appear, but they are all projected according to their spectroscopic redshifts. Their positions are indicated by black 
arrows in Figure [H 

CLniOM2957 

cllll0m2957 is the sixth new FG. For this object, which is at 2; = 0.20, data from the Danish 1.54-m telescope is 
available. The second brightest galaxy is marked by a white arrow (see Figure[5]) with Ami2 = 1.78. With an increase 
of the search radius to rsoo, the object would no longer be classified as an FG. The new bright galaxy is located at 
RA=ll''10™10.667" Dec=-29°54'"08.92^ with = 1.32, and is shown by another white arrow on the Figure El 
The redshifts for both second brightest galaxies are unknown. 

CL1159P5531 

clll59p5531 has been previously identified as an OLEG lVikhlinin et all (|1999( ) using X-ray data from ROSAT PSPC 
pointed observation and optical data from the FLW02 telescope (the size of CCD image is shown by the white rectangle 
in Figure [5]). This object has SDSS data and we also used it as a reference to re-define the FG criteria. The second 
brightest galaxy inside 0.7r5oo with Ami2 = 2.73 has a measured spectroscopic redshift and belongs to the cluster (see 
white arrow in Figure [8|), which is at z = 0.081. If we increase the search radius, this group may still be considered 
an FG (another bright galaxy has Atoi2 = 1.69, it belongs to the group, see the white arrow in Figure[Sl and see also 
the first panel in Figure [2]), even though Ami2 would be slightly smaller than our threshold. 
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Fig. 9.— DSS2 images of FGs. From left to right top to bottom: cll416p2315, cl2114m6800, cl2220m5228, and cl2247p0337. 

CL1340P40n 

cll340p4017 is the first ever identified fossil group ()Ponman et al.|[T994D . SDSS data is now available for this object, 
which is at z = 0.171, and we used it to re-define the FG criteria (see second panel in Figure[2]). The second brightest 
galaxy inside a search radius O.Trsoo is shown by a white arrow and has Ami2 = 2.47. Increasing the search radius 
to rsoo reveals two more bright galaxies (see the white arrow inside the ring in Figure [5] for a galaxy with known 
spectroscopic redshift and Ami2 = 1.31, and a black circle for a galaxy with only photometric data and Ar7ii2 = 1.58). 
With these galaxies included, this object would not be classified as an FG. 

CL1416P2315 

cll416p2315 is the first fossil cluster to be d iscovered. It was studied by different research groups (jJones "eral][200l 
iCypriano et al.l[2006HKhosroshahi et al.l[2006[ ). Since SDSS data is available for this object, which is at 2; = 0.138, we 
also used it as a reference for deciding our FG criteria. The second brightest galax y is marked by a white arrow in 
Figure [D with Ami2 — 1.7. The black arrow points to a galaxy which according to ICvpriano et al.) (|2006D does not 
belong to the cluster.® Increasing the search radius to t^qq does not reveal any more bright galaxies, which might have 
changed the classification of the system as an FG (see also the third panel in Figure [2]) . 

CL2114M6800 

cl2114m6800 was originally identified as an OLEG IVikhlinin et~al] (|1999f) . The system, which is at z = 0.130, satisfies 
our FG criteria as well. The second brightest galaxy is marked by a white arrow (see Figure [9|) with Ami2 = 1.99. 
If we increase the search radius to rsoo, we find another bright galaxy 2MASX J21 134604— 6801297, which does not 
obey Atoi2 > 1.7. Since the redshift of this galaxy is unknown, it is not clear that it belongs to the group. 

CL2220M5228 

cl2220m5228 is the seventh new FG discovered. For this object we do not have a CCD image, but only a DSS2 
image. However, we have found ENACS data with photometry obtained in the R-filter and measured redshifts for the 
central and several other bright galaxies. The group is at 2; = 0.102. In FigurelHlthe second brightest galaxy is marked 
by a white arrow with Ami2 = 2.21. The black arrows point to foreground galaxies. If the search radius would be 
increased to rsoo two more bright galaxies (black circles) would have to be considered which would make this group a 
normal group. Since we do not have redshift information for these galaxies it is unclear if they in fact belong to the 
system. 

* Actually, there are two galaxies (see SDSS DR6 data, or ICvpriano et aLl 120061) . We are referring to the galaxy with coordinates: 
14'*16'"21.745= +23°17'"20.97^ The second galaxy is significantly dimmer. 
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CL2247P0337 

cl2247p0337 is another previously discovered OLEG (iVikhlinin et al.iri999[ ). It would also pass our criteria for a fossil 
system. However, the CCD image from RTT150 does not completely cover the search region (see the white rectangle 
in Figure [9]). 

The examination of the larger DSS2 image shows that there is no other bright galaxy inside the search radius. 
Therefore, we consider this object to be an FG (the second brightest galaxy with Atoi2 = 2.56 is marked by the white 
arrow). If we increase the search radius up to rsoo, we find a big foreground galaxy NGC 7376. A visual comparison of 
angular sizes of this galaxy and the central cluster galaxy leads to the conclusion that it must be foreground. Another 
bright galaxy, which could make this object a normal group, is marked by a black circle in Figure [S] Since neither 
photometry nor redshift of this galaxy are known, we cannot determine if it belongs to the group or not. 



